Targeting of GPI-anchored proteins (GPI-APs) in polarized epithelial cells depends on their association with detergent-resistant membrane microdomains called rafts. In MDCK cells, GPI-APs associate with rafts in the trans-Golgi network and are directly delivered to the apical membrane. It has been shown that oligomerization is required for their stabilization in rafts and their apical targeting. In hepatocytes, GPI-APs are first delivered to the basolateral membrane and secondarily reach the apical membrane by transcytosis. We investigated whether oligomerization is required for raft association and apical sorting of GPI-APs in polarized HepG2 cells, and at which step of the pathway oligomerization occurs. Model proteins were wild-type GFP-GPI and a double cysteine GFP-GPI mutant, in which GFP dimerization was impaired. Unlike wild-type GFP-GPI, which was efficiently endocytosed and transcytosed to the apical surface, the double cysteine mutant was basolaterally internalized, but massively accumulated in early endosomes, and reached the bile canaliculi with delayed kinetics. The double cysteine mutant was less resistant to Triton X-100 extraction, and formed less high molecular weight complexes. We conclude from these results that, in hepatocytes, oligomerization plays a key role in targeting GPI-APs to the apical membrane, by increasing their affinity for rafts and allowing their transcytosis.
Introduction
The plasma membrane (PM) of polarized epithelial cells is divided into two domains, apical and basolateral, separated by tight junctions. Each domain performs distinct functions and therefore has a unique protein and lipid composition. Generation and maintenance of the PM polarized organization is achieved through the combination of sorting signal and sorting machineries that allow PM proteins to be transported to the PM domain where they will be functional (Mostov et al., 2003) .
Basolateral sorting signals are short cytoplasmic amino acid sequences often characterized by dileucine or tyrosine motifs (Matter and Mellman, 1994) , which are recognized by clathrin adaptors (Sugimoto et al., 2002 , Simmen et al., 2002 . Apical sorting signals are more diverse. Several determinants have been identified, including membrane anchoring, N-and Oglycosylation, and unrelated proteinaceous motifs located in the cytoplasmic, transmembrane or extracellular domains (Rodriguez-Boulan et al., 2005) . Glycosyl-phosphatidylinositol (GPI) anchor was the first apical sorting signal to be identified. Addition of a GPI anchor to a secretory protein targeted the chimeric protein to the apical membrane of MDCK cells (Lisanti et al., 1989) . Likewise, substitution of the transmembrane domain of a basolateral PM protein by a GPI anchor redirected the protein to the apical membrane (Brown et al., 1989) . Sorting of GPI-anchored proteins (GPI-APs) is thought to be mediated by affinity of the GPI anchor with sphingolipid-and cholesterol-rich microdomains called rafts (Simons and Ikonen, 1997) . Indeed, GPI-APs associate with detergent-resistant membranes (DRMs) during their passage through the Golgi apparatus where sorting is thought to occur (Brown and Rose, 1992) . However, the role of the GPI anchor as apical determinant has been questioned because certain GPI-APs are sorted to the basolateral domain (Zurzolo et al., 1993; McGwire et al., 1999; Sarnataro et al., 2002) . It has been suggested that GPI-APs need additional features to be sorted apically. For instance, addition of N-glycosylation sites was necessary to allow a chimeric GPI-AP to be apically sorted in MDCK cells (Benting et al., 1999) . Conversely, removal of the N-glycosylation sites of a natural GPI-AP resulted in the protein being targeted predominantly to the basolateral surface (Pang et al., 2004) . However, recent results did not corroborate the direct role of glycosylation in apical targeting of GPIAPs (Catino et al., 2008) . The role of glycosylation may be indirect by allowing apical proteins to cluster in rafts (Rodriguez-Boulan and Gonzalez, 1999; Schuck and Simons, Journal of Cell Science Accepted manuscript 4 2004). Independently of glycosylation, oligomerization by itself was recognized as a key feature for apical sorting of GPI-APs. Paladino et al. showed that apical but not basolateral GPI-APs formed oligomers, and impairment of oligomerization led to their missorting in an unpolarized fashion (Paladino et al., 2004; Paladino et al., 2007) . Like glycosylation, oligomerization may increase raft affinity of GPI-APs, promoting their stabilization in apical carriers.
Most studies of GPI-APs targeting have been carried out in simple epithelial cells, especially MDCK cells. In these cells, it is generally assumed that GPI-APs are targeted to the apical PM directly from the trans-Golgi network (Lisanti et al., 1990; Arreaza and Brown, 1995; Paladino et al., 2006; Hua et al., 2006) . By contrast, apical trafficking of transmembrane and GPI-APs in hepatocytes generally occurs through transcytosis (bartles et al., 1987; Schell et al., 1992; Maurice et al., 1994; Bastaki et al., 2002) , with the exception of multi-spanning transmembrane proteins, which are transported via the direct route (Kipp and Arias, 2000) .
We have previously demonstrated that GPI-APs are sorted to the apical PM of HepG2 cells by transcytosis and that this process is dependent on their association with Triton X-100
DRMs (Aït-Slimane et al., 2003) . Moreover, we have shown that flotillin-2 controls the first step of GPI-AP transcytosis, i.e, basolateral endocytosis (Aït-Slimane et al., 2009 ). Here we investigated whether oligomerization plays a role in the apical sorting of GPI-AP in hepatocytes, and at which step, i.e. Golgi-to-basolateral or basolateral-to-apical membranes, or both. For these studies, we used a GFP-GPI construct in which green fluorescent protein (GFP) is fused to the GPI anchor attachment signal from the folate receptor and a double cysteine GFP-GPI mutant (S49/71), in which the two cysteines, cys 49 and cys 71 involved in GFP oligomerization were mutated. These constructs were stably expressed in HepG2 cells. We found that the double cysteine mutant accumulated in intracellular structures and its basolateral-to-apical transcytosis was less efficient compared to its wild-type counterpart. We show that the S49/71 mutant was not able to oligomerize. We also found that the mutant was much less DRM-associated. Together our results demonstrate that, in hepatocytes, oligomerization and association with lipid rafts are required for efficient basolateral-to-apical transcytosis of GPI-APs.
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Results
Subcellular localization of wild-type GFP-GPI and GFP-GPI S49/71 in HepG2 cells
In order to investigate the role of oligomerization in the sorting of GPI-AP in hepatocytes, we used the reported protein GFP fused to the GPI anchor attachment signal of the folate receptor and the double cysteine mutant S49/71. These two cysteines are involved in GFP oligomerization through disulfide bond formation (Jain et al., 2001) . Both constructs contained a c-myc tag at the NH2 terminus allowing their detection using an anti-c-myc antibody. Wild-type GFP-GPI and the mutant were stably transfected in HepG2 cells. Wildtype GFP-GPI was principally expressed at the bile canalicular membrane with some basolateral staining (Fig. 1A) , as already reported for endogenous GPI-APs in polarized hepatocellular cell lines (Aït-Slimane et al., 2003 , Nyasae et al., 2003 . The mutant showed a different pattern of localization. Not only the bile canalicular membrane was labeled, but there was also a strong labeling of intracellular vesicles (Fig. 1A) . This result suggested that the S49/71 mutant had a trafficking defect. In order to more precisely determine whether the intracellular vesicles corresponded to a block in the exocytotic (Golgi-to-basolateral) or transcytotic (basolateral-to-apical) pathway, the localization of the mutant was compared to those of giantin and TGN46, which are markers of the Golgi apparatus and trans-Golgi network respectively. As shown in Figure 1B , no significant colocalization of the S49/71 mutant was detected with either one of the two markers. This result suggests that the exocytic transport of the mutant was not defective, and that the transcytotic transport was more likely impaired.
The transcytotic rate of the S49/71 mutant is slower
In order to determine whether accumulation of the S49/71 mutant in intracellular vesicles was due to a transcytosis defect, we compared the kinetic of transcytosis of wild-type and mutant GFP-GPIs. We followed in parallel the trafficking of CD59, a GPI-AP endogenously expressed in HepG2 cells. HepG2 cells were incubated for 30 min at 0°C with antibodies against c-myc or CD59 to allow their binding to the surface. Trafficking was initiated by raising the temperature to 37°C. After various chase periods, the cells were fixed, permeabilized and incubated with fluorescently labeled secondary antibodies. In the case of the mutant which does not fluoresce, the bile canaliculi were visualized by staining with an Journal of Cell Science Accepted manuscript 6 antibody against dipeptidyl-peptidase IV (DPPIV). As shown in Figure 2 , after incubation on ice, the antigen-antibody complexes were exclusively detected at the basolateral membrane.
After 60 min at 37°C, some wild-type GFP-GPI had already completed transcytosis as indicated by the detection of internalized antibodies complexed with antigens both in intracellular vesicles and at the membrane of bile canaliculi. Subsequently, labeling of the bile canalicular membranes increased while the basolateral staining decreased. The endogenous GPI-AP, CD59 behaved very similarly, with transcytosis being completed within about 3 h. After 6 h, a prominent and homogeneous distribution of both antibody-conjugated proteins at the bile canalicular surface was apparent. In contrast, in the case of the double cysteine mutant, the antibody-antigen complexes did internalize, but they accumulated intracellularly and the bile canalicular membranes began to be labeled only after 3 h. After 6 h, the bile canalicular membranes were labeled, but intracellular vesicles were still detected (Fig. 2h) . These results show that mutation of the cysteines involved in GFP-GPI dimerization delays transport of the mutant from the basolateral to the apical surface, and suggest that oligomerization plays a role in the transcytosis efficiency of this GPI-anchored protein in HepG2 cells.
The double cysteine mutant forms less high molecular weight complexes
Mutation of the cysteines was designed in order to prevent oligomerization of GFP-GPI. To verify that the mutant was indeed defective in oligomerization, we studied its ability to form high molecular weight (HMW) complexes compared to wild-type GFP-GPI and CD59. We used velocity gradients, in which proteins sediment according to their molecular weight (Paladino et al., 2007) . Flotillin-2, a 47 kDa protein, which forms HMW complexes (Neumann-Giesen et al., 2004) , was taken as a positive control. We found that similar to CD59, wild-type GFP-GPI was essentially detected in fractions corresponding to complexes of high molecular weights. By contrast, the double cysteine mutant was mainly detected in the 30 kDa range (fraction 3), as expected for the GFP monomer, with only a small fraction being recovered as HMW complexes (fractions 5-7) (Fig. 3) .
The double cysteine mutant accumulates in early endosomes
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In a previous study, we have shown that, in HepG2 cells, GPI-APs are internalized in flotillin-2-containing endosomes, whereas TMD proteins are internalized in Early Endosome Antigen 1 (EEA1)-containing endosomes (Aït-Slimane et al., 2009) . In order to test whether the double cysteine mutant accumulated in flotillin-2-positive structures, we searched for colocalization of the S49/71 mutant with flotillin-2. As shown in Figure 4A , the double cysteine mutant did not colocalize with flotillin-2, whereas a large colocalization was observed between the wild-type GFP-GPI and flotillin-2. We therefore searched for colocalization with EEA1. As shown in Figure 4B , abundant puncta containing both the double cysteine mutant and EEA1 were observed at the periphery of the cells, indicating that the S49/71 accumulated in early endosomes.
The double cysteine mutant and DPPIV share the same transcytotic pathway
To further characterize the compartment in which the mutant accumulated, we performed cotrafficking experiment using antibodies to DPPIV and CD59, a GPI-anchored protein endogenously expressed in HepG2 cells, and we searched for colocalization with the S49/71 mutant. S49/71-expressing HepG2 cells were continuously labeled either with anti-DPPIV and anti-c-myc antibodies or with anti-CD59 and anti-c-myc antibodies for 60 min at 37°C.
The cells were fixed, permeabilized, and incubated with fluorescently labeled secondary antibodies. We observed a large colocalization between internalized S49/71 and DPPIV but not between internalized S49/71 and CD59 (Fig. 5A) . Quantification of the results showed that 80% of DPPIV but only ~30% of CD59 colocalized with the double cysteine mutant (Fig. 5B ). These results suggest that impairment of GFP-GPI oligomerization leads to its sorting into the pathway used by TMD proteins.
Dynamin is required for many endocytic processes, especially the clathrin-dependent endocytosis (Conner and Schmid, 2003) . Therefore, we investigated the effect of disruption of dynamin function on the internalization of the S49/71 mutant, by using dynasore, a cell permeable small molecule shown to be a potent inhibitor of dynamin function (Macia et al., 2006) . Treatment of HepG2 cells by dynasore significantly impaired internalization of the S49/71 mutant similarly to that of transferring (Tf), a well established marker of the clathrin pathway, and to that of DPPIV, which has been shown to be internalized via a clathrin dependent pathway in hepatic cells (Aït-Slimane et al., 2009) . In contrast to Tf and DPPIV, the internalization of GFP-GPI was not obviously impaired by dynasore (Fig. 6A ). These Journal of Cell Science Accepted manuscript 8 morphological observations were quantified by measuring the fluorescence intensity in cells treated with dynasore relative to that in control cells. Internalization of Tf, DPPIV and S49/71 was reduced from ~95% to 20%, whereas internalization of GFP-GPI was minimally affected, shifting from ~90% to 65% (Fig. 6B) . These results provide additional support for a clathrin-dependent way of internalization of the double cysteine mutant.
Both wild-type and S49/71 mutant are incorporated into DRMs but with different efficiencies GPI-APs associate with rafts and this association is thought to contribute to their apical sorting. We have already shown that, in HepG2 cells, indirect apical sorting of GPI-APs occurs via Triton X-100 resistant microdomains (Aït-Slimane et al., 2003) . In order to determine whether mutation of the two cysteines affected the ability of GFP-GPI to associate with rafts, we compared the detergent-resistance of wild-type and mutant GFP-GPIs. Cells were lysed in Triton X-100 at 4°C and DRMs were prepared as described (Aït-Slimane et al., 2003) . Wild-type GFP-GPI was mainly recovered in the floating DRM fractions [3] [4] [5] , which also contained flotillin-2, an established marker for DRM fractions (Fig. 7A) . By contrast, the double cysteine mutant was much less associated with DRM fractions [3] [4] [5] , the majority of the protein being recovered in the soluble fractions [7] [8] [9] [10] [11] [12] . These results demonstrate that impairment of GFP-GPI oligomerization affects its ability to associate with DRMs despite the presence of the GPI anchor.
The double cysteine mutant is slowly incorporated into Triton X-100-insoluble membranes
Association of GPI-APs with DRMs is thought to occur along the biosynthetic pathway, in the trans-Golgi network (Brown and Rose, 1992) . To determine at which step DRM association of GPI-GFP S49/71 was affected, we performed pulse/chase experiments.
Proteins were pulse-labeled with [ 35 S]methionine/cysteine for 10 min, and the detergent resistance of the wild-type and mutant GFP-GPIs was analyzed after different periods of chase. As shown in Figure 7B and C, immediately after the pulse, both proteins were almost totally soluble. Wild-type GFP-GPI became progressively insoluble, 65% being associated with DRMs after 1.5 h, and 90% after 5 h. In contrast, GFP-GPI S49/71 was only weakly detected in the insoluble fractions after 1.5 h, and only 50% was in DRMs after 5 h. These Journal of Cell Science Accepted manuscript 9 results show that the rate of DRM association of GFP-GPI is greatly influenced by its ability to oligomerize.
Discussion
In this study, we investigated whether oligomerization is required for apical sorting of GPIAPs in hepatocytes, and at which step of the pathway oligomerization occurs. Using the GPI-GFP chimera, which oligomerizes and a mutant, in which the two cysteines involved in GFP oligomerization were mutated, we show that oligomerization is required for raft association do not have a cytoplasmic domain, may depend solely on raft association. Therefore, the GFP-GPI mutant, which is weakly associated with rafts will not enter the transcytotic pathway and will remain in the endosome. In CHO cells, it has been observed that the fate of GPI-APs differs depending on their association with lipid domains, and that GPI-APs poorly associated with DRMs accumulate in recycling endosomes (Fivas et al., 2002) . The mutant GFP-GPI may nevertheless transcytose by default, but this would be a slow process as only a minor fraction of internalized membranes undergoes transcytosis. Therefore, oligomerization, by promoting raft association plays a key role in transcytosis of GPI-APs in hepatic cells.
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Materials and Methods
Reagents and antibodies
Alexa Fluor 488 and Alexa Fluor 594 secondary antibodies, cell culture media, Topro-3 and the rabbit polyclonal anti-giantin were purchased from Invitrogen (Cergy-Pontoise, France). 
Detergent resistant membrane (DRM) preparation and analysis
DRM preparation was performed according to previously published protocol (Aït-Slimane et al., 2003) . Cells grown to confluence were rinsed with PBS and lysed for 30 min in TNE/TX-100 buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitors) on ice. Lysates were scraped from the dishes, and homogenized by Journal of Cell Science Accepted manuscript 14 passing through a 22-gauge needle. Extracts were brought to 40% sucrose and placed at the bottom of 5-35% sucrose gradients. Gradients were centrifuged at 38,000 rpm for 18 h at 4 o C in a Beckman SW 41 rotor. Fractions of 1 ml were harvested from the top of the gradient.
Proteins were immunoprecipitated with the polyclonal anti-c-Myc. After washing, samples were analyzed by SDS-PAGE and Western blotting using the monoclonal anti-GFP.
Metabolic labeling, detergent extraction and immunoprecipitation
Cells were pre-incubated for 2x30 min at 37°C in methionine/cysteine-free medium. They were pulse-labeled with 300 µCi/ml [ 35 S]methionine/cysteine at 37°C, and chased in DMEM containing excess cysteine and methionine (2 mM and 1 mM, respectively) for the indicated periods. At each time point, cells were washed with PBS + on ice, and lysed in 1 ml of TNE/TX-100 buffer for 30 min on ice. Lysates were centrifuged at 13,000 rpm for 2 min at 4°C. Supernatants representing the soluble material were collected. Pellets were solubilized in 100 µl solubilization buffer (50 mM Tris-HCl, pH 8.8, 5 mM EDTA, 1% SDS). Both soluble and insoluble fractions were adjusted to 0.1% SDS and then immunoprecipitated at 4°C with the polyclonal anti-c-Myc. Immunoprecipitates were analysed by SDS-PAGE. Gels were dried and submitted to fluorography. The fluorograms were scanned and the bands were quantified using Scion Image software.
Velocity gradients
The procedure was essentially performed as described (Paladino et al., 2007) . HepG2 cells were grown to confluence in 100-mm dishes, washed in PBS + and lysed in lysis buffer (20 mM Tris, pH 7.4, 100 mM NaCl, 0.4% SDS and 0.2% Triton X-100) for 30 min on ice. Cells were scraped from dishes, sheared through a 26-g needle. Lysates were centrifuged at 9,000 rpm for 10 min to pellet nuclei. The cleared lysates were layered onto 5-30% sucrose gradients, and ultracentrifugation was performed at 45,000 rpm for 16 h using a Beckman SW55 rotor. Fractions of 500 µl were harvested from the top of the gradient. Proteins were immunoprecipitated using specific antibodies. High-molecular-weight (HMW) complexes were analyzed by SDS-PAGE and Western blot.
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